ABSTRACT Piezo-actuated stages are widely applied in the field of high-precision positioning. However, piezo-actuated stages produce hysteresis between the input voltage and the output displacement that negatively influences the positioning accuracy. In this paper, the Bouc-Wen model is established and identified using the bat-inspired optimization algorithm. Subsequently, based on the established hysteresis model, we propose a sliding mode control method with a new reaching law to suppress the hysteresis nonlinearity and achieve high-precision tracking control for the piezo-actuated stages. In addition, the proposed control method contains the perturbation estimation part, which can estimate online the modeling uncertainty and the unknown external disturbances. The stability of the proposed control method is demonstrated through the Lyapunov theory. Finally, to validate the effectiveness of the proposed control method, experiments are conducted on the piezo-actuated stages. Experimental results demonstrate that the proposed control method is superior to the feed-forward control and the conventional sliding mode control method.
I. INTRODUCTION
Micro/nano positioning stages driven by the piezoceramic actuators are widely applied in ultrahigh precision systems, such as a lithography machine, ultra-precision turning machine, scanning probe microscope, astronomical telescope, and biological manipulation [1] - [3] . This is because piezoceramic actuators have the advantages of high stiffness, minimal heat generation, and large blocking force [4] , [5] . However, the primary weakness of the piezoactuated stages is the severe hysteresis nonlinearity between the input voltage and the output displacement. The hysteresis effect has the characteristics of consistency and nonmemoryless, that can severely affect tracking precision and response speed [6] , [7] . The most effective method to eliminate the hysteresis effect of the piezo-actuated stages is to adopt an appropriate control strategy. In the design of the control method, the modeling of piezo-actuated stages has attracted considerable attention, and certain hysteresis models have been established to describe the hysteresis nonlinearity, such as Preisach model [8] , Prandtl-Ishlinskii model [9] , Krasnosel'skii-Pokrovskii (KP) model [10] , Bouc-Wen model [11] , and Maxwell model [12] .
The feed-forward control method based on the inverse hysteresis model is commonly used to address the hysteresis effect in the piezo-actuated stages. For instance, a compensator based on an inverse Bouc-Wen model was used to design a feed-forward controller [13] . This proposed control method drew considerable attention in terms of a simplified implementation. To ensure precision, the hybrid control method composed of feed-forward and feedback control is extensively applied in the piezo-actuated stages [14] . The proportional-integral-derivative (PID) control is a common control method to suppress the hysteresis effect in the piezoactuated stages at low frequencies. For instance, the feedforward control integrated with a proportional-integral (PI) control was proposed [15] . The PI control can effectively reduce the steady-state error and improve the tracking precision of the piezo-actuated stages. However, the standard PID control has poor resistance for external disturbances and model uncertainty. Hence, a series of robust control strategies are designed to achieve the high-precision tracking control of the piezo-actuated stages. The feed-forward control combined with a robust controller was designed to improve the tracking precision [16] . A H ∞ robust controller with an inverse compensator was introduced to achieve real-time tracking control of giant magnetostrictive actuators [17] . However, the feed-forward control based on the inverse hysteresis is a particularly complicated method, that requires numerous mathematical operations and increases the controller design difficulty.
The conventional sliding mode control (CSMC) is a classical nonlinear control method that can solve the hysteresis nonlinearity problem effectively [18] , [19] . The structure of the CSMC system varies with the current state of the system, and drives the system's states on the scheduled sliding mode surface within the restricted time. The design of the sliding mode control can be divided into two parts: the design of the sliding surface and the design of feedback control law. According to [20] , the CSMC method with an integral sliding surface exhibits a better performance than the traditional proportional one. In this study, we adopt the integral sliding surface to describe the dynamic property of the SMC method. The feedback control law of the SMC method is designed using the reaching law, which can accelerate the convergence rate of the sliding surface. Furthermore, the CSMC has the characteristics of robustness and exceptional tracking performance with regard to the piezo-actuated stages with external disturbances, and the hysteresis can be considered as the uncertainty or interference factor. However, the prior knowledge of the hysteresis is necessary, which can influence the control performance of the CSMC for the piezo-actuated stages. To address this problem, a sliding mode control with perturbation estimation (SMCPE) was designed [21] - [23] , where the modeling uncertainties were replaced using the method of online estimation for the perturbations. Moreover, the chattering problem deteriorates the performance of the sliding mode controller. The boundary layer approach is used to reduce the chattering of the control systems [24] . In addition, the boundary layer with the sigmoid function was designed to eliminate the chattering with regard to the SMC method. Experimental results indicated that the proposed SMC method suppressed the hysteresis effect in the piezoactuated stages [25] . Designing high-order SMC is also a technique to solve the chattering problem. To remove the chattering of the SMC method, Xu proposed a third-order sliding mode motion control for the piezo-actuated stages; experimental results confirmed that the proposed control method realized the high precision tracking control of the piezo-actuated stages [26] .
In this study, a sliding mode control method is proposed, which introduces the PI-type sliding surface and a new reaching law composed of the power reaching law and the constant reaching law. The new reaching law has been attained by combining the advantages of the power reaching law and the constant reaching law. When the sliding surface is large, the power reaching law plays a major role in the sliding mode control; when the sliding surface is small, the constant reaching law plays a major role in the sliding mode control. Therefore, the new reaching law enhances the performance of the proposed controller. Moreover, the stability of the proposed control method is analyzed using the Lyapunov theory. Subsequently, to demonstrate the tracking performance of the proposed control method, experiments with regard to the piezo-actuated stages are conducted. The experimental results indicate that the proposed control method demonstrates the best tracking performance in comparison with the feed-forward control and the CSMC method.
The primary contributions of this study are summarized as follows: 1) The bat-inspired algorithm is firstly adopted to identify the unknown parameters of the Bouc-Wen model, and the identification model can describe the major and minor hysteresis loops of the piezo-actuated stages. 2) A perturbation estimation method is employed to estimate the modeling uncertainty and the unknown external disturbances. 3) To suppress the hysteresis nonlinearity of the piezo-actuated stages, a new reaching law is proposed to design the proposed control method. The effectiveness of the proposed control method is verified on the experimental setup. 4) The stability of the proposed control method is analyzed using the Lyapunov stability theory.
The remainder of this paper is organized as follow. A BoucWen model is established and the unknown parameters are identified by the bat-inspired optimization algorithm in section II. Then, section III introduces a CSMC method based on the Bouc-Wen model to achieve the high-precision tracking of the piezo-actuated stages. Considering the external perturbation and the modeling uncertainty, a sliding mode tracking control with perturbation estimation is proposed and the stability analysis is proved by the Lyapunov theory. In section IV, compared with the feed-forward control and the CSMC method, the efficiency of the proposed controller is demonstrated by the experimental results. Finally, section V gives the conclusion.
II. DESCRIPTION AND IDENTIFICATION OF THE BOUC-WEN MODEL A. BOUC-WEN MODEL
The generalized Bouc-Wen model was proposed by Bouc in 1967 [27] . Wen [28] expanded this model, which can describe a large class of hysteresis nonlinearity systems in the form of differential equations. In this study, the Bouc-Wen model is used to describe the piezo-actuated stages system, which is expressed as
where x is the system state, u and y denote the input voltage and the output displacement of the piezo-actuated stages respectively. a 0 , a 1 , and a 2 are the nominal parameters of the system. w is the hysteresis term of the Bouc-Wen model, the coefficients α, β, and γ determine the amplitude and shape of the Bouc-Wen model respectively, the coefficient n influences the smoothness of the transition from elastic to plastic responses, f represents the unknown external perturbation of the system.
B. MODEL IDENTIFICATION BASED ON BAT-INSPIRED OPTIMIZATION ALGORITHM
Owing to the complexity of the Bouc-Wen model, it is difficult to identify the unknown parameters of the model using the conventional method [29] , [30] . In this study, the batinspired optimization algorithm is used for the first time to identify the seven unknown parameters. The bat-inspired optimization algorithm is a new intelligent optimization algorithm introduced by Yang [31] in 2010, which is inspired by the bat echo fixed position. Compared with the other optimization algorithms, the bat-inspired algorithm has faster convergent rate and stronger robustness, which is widely used to address the high-dimensional nonlinear problem [32] , [33] . To facilitate the identification of the unknown parameters of the Bouc-Wen model, Eq. (1) is rewritten using the discrete form of the state-space model as [30] 
where
is the unknown parameter of the piezo-actuated stages system based on Bouc-Wen model, Y b ∈ R q are the state vector, which represents the output displacement of the system based on Bouc-Wen model. To identify the parameters of the Bouc-Wen model accurately, an appropriate fitness function requires to be designed. In this study, the fitness function described by the meansquare error is selected as follows where Y i actual and Y i b represent the experimental output data of the piezo-actuated stages and the output data of the Bouc-Wen model at the tth sampling time, respectively. N is the total number of the output data. The block diagram of the identification process is shown in Fig. 1 . Evidently, the process of parameter identification can be regarded as a numerical optimization problem, where the variable is the unknown parameter , and the bat-inspired optimization algorithm is used to adjust the parameters of the system model. The identification principle of the system based on Bouc-Wen model is defined as follows
In the process of model identification based on the batinspired algorithm, the unknown parameters satisfy L ≤ ≤ H ; L and H are the lower and upper bound of the unknown parameters.
During the operation of the optimization algorithm, the velocity and position of each bat are updated with regard to the changes in the frequency. The velocities v t i and position x t i are updated using the following equations
is the fixed frequency of the individual bat. β is a random number and 0 ≤ β ≤ 1, x * is the current global optimum, which is compared with all the solutions among all the n bats at each iteration t.
To improve the diversity of the optimization algorithm, a new solution of each bat is deduced using Eq.(8).
where ζ ∈ [−1, 1] is a random number. A t is the average loudness of all bats at time-step t. At beginning of the algorithm operation process, the bat has an exceedingly small pulse rate and a larger loudness. It has a larger probability to select a better solution. With the increasing iterations, the bat scans for prey to solve the best solution using the increasing pulse rate and the decreasing loudness. The loudness A i and the pulse rate r i are updated by Eq. (9) and Eq. (10) .
where κ and δ are constants, respectively. r 0 i is the initial pulse rate.
The procedure of the Bouc-Wen model identification is as follows The parameters of the obtained model based on the batinspired optimization algorithm are described in Table 1 , and hysteresis loop of the obtained model is shown in Fig. 2(a) . It is evident that this hysteresis loop is generally consistent with the data obtained from the piezo-actuated stages. In addition, the prediction errors of the obtained model are shown in Fig. 2(b) , and it can be observed that the maximum (MAX) error is 0.9651 µm, which is 2.59% of the MAX displacement of the piezo-actuated stages. In view of the uncertain parameters, the piezo-actuated stages system based on Bouc-Wen model is described as     ẋ
where 0 , 1 , and 2 are the uncertain parameters part, = 0 x + 1 u + 2 w + f includes the total disturbance caused by the external noise, uncertain parameters, which is assumed to be bounded and reduced using the sliding mode control method.
III. SLIDING MODE CONTROLLER DESIGN A. CSMC METHOD DESIGN
A CSMC method is designed based on the established system model (i.e. Eq.(2)) in the study. To design the CSMC, a tracking error is defined as follows
where x d (t) and x (t) represent the desired displacement and the actual output displacement of the piezo-actuated stages, respectively. e (t) is the error between x d (t) and x (t).
According to Eq.(1), the PI-type sliding surface function is defined as follows
where λ is a positive constant, which is adjusted according to the performance of the controller. Combined with Eq. (13) and Eq.(1), the control law is designed as follows
where sgn(·) denotes the signum function, and k s ∈ + and ε are the positive constants. Theorem: For the piezo-actuated stage system (i.e. Eq. (1)) with the , the control law (i.e. Eq. (14)) is obtained; when the t → ∞, the sliding mode surface satisfies that
Proof: With regard to the effectiveness and stability of the designed sliding mode controller, the Lyapunov function is defined as follows
By taking the time derivative of Eq.(16) gainṡ
Taking the time derivative of Eq.(13) yieldṡ
Substituting Eq. (18) and Eq. (1) into Eq.(17) yieldṡ
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Next, substituting the control law (i.e. Eq.14) into Eq.(19) acquireṡ
According to Eq. (20) , when |s(t)| ≤ k s 1 ε , we deduce thatV < 0. Hence, according to the Lyapunov theorem, the designed SMC is stable.
B. PERTURBATION ESTIMATION METHOD
The perturbation estimation method [22] , [23] is briefly summarized in this section. We used this method to estimate the uncertainty parameters part and the external perturbation of the piezo-actuated stage system. A generalized nonlinear system is expressed as follows
The bounded perturbations of Eq.(21) can be summed up in the following vector form
The perturbation can be estimated as
where T is the sampling interval, x (n) cal represents a calculated state vector that can be measured based on the following equation
C. PROPOSED SMC METHOD DESIGN
According to the piezo-actuated stages system model (i.e. Eq. (11)), the piezo-actuated stages system with perturbation is expressed as followṡ
The bounded perturbations can be written as
where act is composed of the disturbance, the modeling uncertainty part etc, which can be estimated based on the perturbation estimation method as [22] 
est (t) =ẋ(t) − a 0 x(t) − a 1 u(t − T ) − a 2 w(t − T ). (27)
To design the controller, a new reaching law is proposed as followsṡ
where ε is a positive constant 0 ≤ ε ≤ 1, η is the switching gain.
Considering the perturbation of the system, the Eq.(28) becomeṡ
whereˆ (t) is the error between est and act . In order to verify the proposed reaching law can guarantee the stability of the proposed control system, we use the same Lyapunov function as Eq. (16), and its first order derivative is same as Eq. (17) . Subsequently, substituting Eq. (29) into Eq.(17) yieldṡ
Considering Eq.(30), η is designed to satisfy the condition η >ˆ ⇒V < 0.
Because the proposed reaching law satisfies the Lyapunov stability conditions, the switching function can converge on the switching surface in limited time. Based on Eq.(28), the controller is designed as
Next, substituting Eq. (27) into Eq.(31), the result is Eq. (32) .
Proof: To prove the stability of the system, substituting Eq.(32) into Eq.(17) yieldṡ 
According to Eq. (33), the switching gain η should satisfy the condition as follow η >ˆ ⇒V < 0, Hence, the proposed controller satisfies the Lyapunov stability criterion in this study. In addition, with increase in the perturbation of the system, the switching gain k s becomes larger and the system generates the chattering. To decrease the chattering of the signum function, the saturation function Eq.(34) is adopted to replace the signum function. where is the thickness of the boundary layer, which is a positive constant. Subsequently, the effect of the controller based on the above method is proved by the experimental setup of the piezo-actuated stages in section IV. 
IV. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP AND CONTROL PARAMETER DESIGN
To demonstrate the effectiveness of the proposed controller, the experiment is conducted on a commercial piezo-actuated stages(MPT-2MRL102A, Boshi Robotics). The experimental setup is shown in Fig. 3 . The integrated positioning controller (PPC-2CR0150, Boshi Robotics) is composed of an electric resistance strain gauge position sensor and a high-voltage amplifier. The electric resistance strain gauge VOLUME 6, 2018 Fig. 4 . The block diagram of the proposed control method is shown in Fig. 5 .
In this study, we adopted the feed-forward controller and the CSMC method as a comparison to verify the effectiveness of the proposed controller. The block diagram of the feed-forward controller based on the inverse Bouc-Wen model is shown in Fig. 6 . The inverse Bouc-Wen model can be derived using the mathematical method [13] , [15] . Because the inverse model is obtained using the mathematical method, the parameters of the feed-forward controller are same as the identified Bouc-Wen model based on the batinspired algorithm. Another comparison method is the CSMC (i.e. Eq. (14)) with the switching gain k s , ε, and the control gain λ. The parameters of the proposed controller contain the switching gain η in contrast to the CSMC method. In addition, the control parameters of the CSMC method are set using the trial-and-error method. It is well known that the control precision of the SMC method is improved with the increase of the switching gain and the control gain [34] . However, the large gains can cause the instability of the system. To indicate the performance of the proposed controller, the switching gain k s , ε, and the control gain λ of the proposed control method are both less compared with the CSMC method while maintaining the system stability. The switching gain η of the proposed control method is set as 3.6 using the trial-and-error method. The parameters of the CSMC and the proposed control methods are listed in Table 2 .
B. TRIANGULAR SIGNAL MOTION TRACKING
To demonstrate the effectiveness of the proposed control method, the triangular signals with frequencies of 0.1Hz, 1Hz, and 10Hz are tracked using the feed-forward control, CSMC and proposed control methods, respectively. The results of the tracking experiment under three different frequencies are shown in Fig. 7(a), Fig. 8(a) , and Fig. 9(a) , respectively. It is evident that the output displacement of the piezo-actuated stage based on the proposed control method is consistent with the desired signal in a very excellent way. The tracking errors are shown in Fig. 7(b) , Fig. 8(b) , and Fig. 9(b) , respectively. The MAX tracking error and the root mean square (RMS) error are shown in Table 3 . When the frequency of the desired signal is 0.1Hz, the MAX tracking error and the RMS error of the proposed control method are 0.3556 µm and 0.0194 µm, respectively. Compared with the feed-forward control, the proposed control method reduces the MAX tracking error and the RMS error by 66.5% and 95.1%; compared with the CSMC method, the proposed control method attenuates the MAX tracking error and the RMS VOLUME 6, 2018 error by 60.8% and 93.5%, respectively. When the frequency of the desired signal is 1Hz, the MAX tracking error and the RMS error of the proposed control method are 0.4243 µm and 0.0695 µm, respectively. Compared with the feedforward control, the proposed control method reduces the MAX tracking error and the RMS error by 57.6% and 83.9%; compared with the CSMC method, the proposed control method attenuates the MAX tracking error and the RMS error by 56.9% and 85.1%, respectively. When the frequency of the desired signal is 10Hz, the proposed control method provides the MAX tracking error of 0.7064 µm and the RMS error of 0.1327 µm, which decreases by 65.2% and 80.6% in comparison with the feedforward control; compared with the CSMC method, the MAX tracking error and the RMS error of the proposed control method decreases by 59.7% and 78.2%, respectively.
In addition, the hysteresis plots of the piezo-actuated stage based on the control strategies are shown in Fig. 9 . It is evident that the hysteresis nonlinearity of the piezo-actuated stage can be suppressed in various degrees using these three control methods. Nonetheless, in the subdued hysteresis curves based on the feed-forward controller and the CSMC method the backlash evidently still exist as shown in Fig. 10 , the hysteresis nonlinearity of the piezo-actuated stage based on the proposed control method is considerably suppressed.
To further certify the performance of the proposed controller, we have compared the experimental results of the proposed controller with that of a fast non-singular terminal SMC method [35] . The robust and fast non-singular terminal SMC produces the MAX tracking error rate of 2.5% and RMS error rate of 0.92% for a triangular signals with frequencies of 10Hz. In particular, the proposed control method can alleviate the MAX tracking error and RMS error by 21.6% and 59.8%, respectively. Hence, the proposed control method outperforms the other robust control method.
C. MULTI-AMPLITUDE TRIANGULAR SIGNAL MOTION TRACKING
The multi-amplitude triangular signal with the MAX amplitude of 36 µm is used as the desired signal to prove the effectiveness of the proposed controller on the piezo-actuated stages. The position tracking results of the multi-amplitude triangular signal based on the three different controllers are shown in Fig. 11(a) . The tracking errors are shown in Fig. 11(b) . The input voltages of the piezo-actuated stage based on the three controllers are depicted in Fig. 11(c) . The MAX tracking errors and the RMS errors are described in Table 4 . We can observe from Table 4 that the proposed control method reduces the MAX tracking error and the RMS error by 58.8% and 81.8%, respectively, in comparison with the feed-forward control. Moreover, in contrast with the CMSC method, the proposed control method reduces the MAX tracking error and the RMS error by 20.1% and 66.3%, respectively. It is evident that the proposed controller can effectively eliminate the hysteresis nonlinearity of the piezoactuated stages and has the best performance in terms of the multi-amplitude triangular signal motion tracking.
D. COMPLEX HARMONIC SIGNAL MOTION TRACKING
To further demonstrate the performance of the proposed controller, y d = 12 sin (2πt − 0.5π) + 6 sin (10πt) + 18 is used as the desired signal for the experiment. The tracking results of the complex harmonic signal based on the three different controllers are shown in Fig. 12(a) . The tracking errors are shown in Fig. 12(b) . The output voltage signals of the three controllers are described in Fig. 12(c) . In Table 5 , the comparative tracking results of the three controllers are listed. Compared with the feed-forward control, the proposed control method mitigates the MAX tracking error and the RMS error by 81.65% and 80.6%, respectively; compared with the CMSC method, the MAX tracking error and the RMS error of the proposed control method decreases by 55.3% and 56.9%, respectively. It is evident that the proposed control method outperforms both feed-forward control and the CSMC method. In addition, compared with the model predictive discrete-time SMC method [36] that achieved the MAX tracking error rate of 1.20% and the RMS error rate of 0.44% for a sinusoidal signal with frequency of 2Hz, the proposed control method (for a complex harmonic signal of 1Hz and 5Hz) can decrease the MAX and RMS error by 21.7% and 20.5%, respectively. After a series of comparative experiments, the performance of the proposed control method is amply demonstrated.
V. CONCLUSION
In this study, the hysteresis nonlinearity of the piezo-actuated stages is described using the Bouc-Wen model, which is identified by the bat-inspired algorithm. The experimental results indicate that the MAX error of the model is only 0.9651 µm. Subsequently, a SMC method based on the Bouc-Wen model is proposed for eliminating the hysteresis nonlinearity effect in the piezo-actuated stages. The stability of the proposed control system is verified using the Lyapunov theory. The effectiveness of the proposed control method is verified by conducting a series of experimental studies. The experimental results validate that the proposed control method can effectively suppress the hysteresis nonlinearity effect to achieve high precision tracking control of the piezo-actuated stages. Moreover, in comparison with the feed-forward control and the CSMC method, the proposed control method can improve the RMS error by more than 50% under different reference signals. The proposed control method exhibits a superior performance in comparison with the feed-forward control and the CSMC method. In the future, the proposed control method can dispense with the inverse hysteresis model and can be easily applied to other micropositioning stages. 
